Plant responses to water deficit are dynamic and varied, requiring co-ordination between the shoot and root. Among these responses are alterations in gene expression. The expression of four genes, Ie4, /el6, le20, and Ie25, which require increased ABA content for expression, was studied in tomato plants in which the root systems were divided between two large pots to impose water deficit gradually and to control signals from the root in response to soil drying without inducing a signal from the shoot. One group of plants had one-half of the roots watered, another group had both halves watered, and another group had neither halves watered. In unwatered plants, the expression of Ie4 and Ie25 correlated with ABA content, and that of le 16 and le20 occurred before a detectable increase in leaf ABA content. The contrasting patterns of expression indicate a difference in sensitivity of these genes to ABA or an additional signalling mechanism. Ample evidence indicates that shoot processes such as stomatal closure are controlled by signals from the root. This study demonstrates that genes may also be induced in the shoot by signals from the root. Shoots of plants in which only half of the roots were watered showed no decrease in relative water content and no increase in ABA content; however, three of the four genes, Ie4, Ie16, and le20, were induced. Rootto-shoot communication plays a role in changes in gene expression and in alterations in physiological processes.
Introduction
The drought response is a complex series of events that include changes in physiological, metabolic and molecular processes. The regulation and co-ordination of these combined responses results in the ability of the whole plant to respond to changes in the environment. Changes in gene expression play an important role in the plant response to periods of water deficit. Many genes are now known to be induced during drought, and many of these are regulated by the plant hormone abscisic acid (ABA). Several genes that have been isolated from tomato are known to require elevated levels of ABA for expression because they are not expressed in mutants that are deficient in ABA biosynthesis (Cohen and Bray, 1990) . Detached leaves have been used to characterize the expression of these genes, demonstrating that ABA triggers gene expression. However, this system does not address the complexity of gene induction in intact plants.
Methods devised to maintain shoot water relations while roots are subjected to soil drying have been instrumental in demonstrating that changes in physiological processes can occur in response to drying soil in the absence of signals from the shoot (Passioura, 1988; Gowing et al., 1990) . Signalling molecules may move from the root to the shoot in response to soil drying to co-ordinate and induce early shoot responses to water deficit. Chemical messages arising in the root affect physiological processes in the shoot (Davies and Zhang, 1991; Davies et al., 1994) such as reduction in stomatal conductance (Bates and Hall, 1981; Gollan et al., 1986; Zhang and Davies, 1990 ) and shoot and leaf growth (Passioura, 1988; Saab and Sharp, 1989; Gowing et al., 1990) . A method that maintains shoot water relations while imposing water deficit in roots has been employed to determine whether molecular events are also controlled by signals arising from roots subjected to soil drying. The expression of four genes from tomato known to require elevated ABA content for expression were studied in response to soil drying.
Materials and methods

Plant material and experimental treatments
Tomato (Lycopersicon esculentum Mill. cv. Ailsa Craig) plants were grown from seed in the greenhouse for approximately 3-4 weeks in a soil/peat-moss mix and repotted when required. Plants were grown under natural illumination; they were kept well watered and fertilized with Stern's Miracle Gro for tomatoes. Plants of approximately equal size were removed from their pots, and the root systems were washed and divided into two parts. They were transferred to 25 I containers containing a soil/peat-moss mix that had been divided with polyethylene sheets into two vertically and hydraulically separate compartments.
Two experiments were conducted: the first in June 1993 (experiment 1) and the second in November 1993 (experiment 2). The shorter experiment (1) was of 9 d duration, and the longer experiment (2) was of 22 d duration. When the plants were 6-7-weeks-old, one group had water withheld from onehalf of the split-root system while the other half remained well watered (half-watered plants), another group received no further water to either root half (unwatered plants), and the final group had both halves watered to saturation (well-watered plants). In experiment 1, a total of 10 plants were used-four half-watered, two unwatered, and four well-watered. In experiment 2, a total of 18 plants were used-seven half-watered, four unwatered, and seven well-watered.
Physiological measurements
Leaf conductance was measured with a Li-Cor 1600 steady state porometer (Li-Cor Inc., Nebraska, USA) at midday on four of the youngest, fully expanded leaves from each plant. In both experiments, all plants were measured. Every other day, immediately following these measurements, six leaflets per treatment were collected for relative water content {RWC) determination. The following formula was used:
where FW is the fresh weight, DW is the dry weight, and TW is the turgid weight. Turgid weight was determined after placing the leaflets in plastic weighing boats filled with water overnight and kept in darkness. Dry weight was determined after drying the leaves to constant weight in an oven at 60 °C.
Abscisic acid content was determined by competitive radioimmunoassay as described by Bray and Beachy (1985) . In experiment 1, three leaf samples were combined and assayed in triplicate on days 1, 5, and 9. In experiment 2, leaflets from three plants per treatment were assayed in triplicate on days 1, 8, 11, 15, and 22. Samples were frozen in liquid nitrogen and stored at -80 °C. In experiment 2, at the end of the experiment on day 22, xylem sap samples were collected and assayed for ABA. Following removal of the shoots, 500 ^1 of exudate was collected from three half-watered plants and from three wellwatered ones. No pressure was applied to obtain the sap, and the first approximately 200 /xl was discarded. Samples were stored at -20 °C until they were assayed in triplicate for ABA.
RNA analyses
Total RNA was isolated from 10 g of leaf tissue as described by Prescott and Martin (1987) . The youngest and fully expanded leaves were collected on each of the sampling days. Samples were frozen in liquid nitrogen and stored at -80 °C. In experiment 1, leaf samples from individual treatments were collected on days 1, 5, and 9 and combined for analysis. In experiment 2, samples were collected on days 1, 8, 11, 15, and 22, and analysis was completed on leaf samples from individual plants, but these were not combined. Twenty micrograms of total RNA was separated by size on formaldehyde-denaturing 1.2% agarose gels (Sambrook el al., 1989) . Five micrograms of ethidium bromide was mixed into each gel prior to pouring. Following electrophoresis, and to ensure both quality and equal loading of RNA samples in each lane, gels were photographed under ultraviolet (UV) irradiation. The RNA was transferred to Hybond-N membranes (0.45 ^m; Amersham) according to Sambrook et al. (1989) . It was cross-linked to the membranes by exposure to transmitted UV irradiation of 300 nm for 5 min. Membranes were prehybridized for at least 4 h at 62 °C in a solution of 1.5 x SSPE, 50% formamide, 5 x Denhardt's solution, and 0.6mgml~' denatured salmon sperm DNA. Overnight hybridization was at 65 °C in fresh prehybridization solution with the addition of 3 x 10 7 cpm/15ml of random-primed, 32 P-oligo-labelled cDNA (Feinberg and Vogelstein, 1983) . Following hybridization, membranes were washed as follows: one 5-min wash at room temperature in 2 x SSC/0.2% SDS; two 20-min washes at room temperature in 2 x SSC/0.2% SDS; two 30-min washes at 70 °C in lxSSC/0.5% SDS; and, finally, two 30-min washes at 70 °C in 0.1 x SSC/0.5% SDS. The blots were exposed to X-ray film; the relative hybridization was calculated from the developed autoradiographs with the use of a gel documentation system (UVP system 5000) and image analysis software.
Results
Relative water content measurements
RWC was used to determine whether there were large differences in water status of the shoot among the treatments. Withholding water from one part of the root system did not result in shoot water deficits. At no period during either time-course were there significant differences between the R WC values of leaves of half-watered plants and those of well-watered plant leaves. In the shorter experiment, unwatered plants showed a decline in RWC by day 5, and by day 9, RWC was less than 60% but 90% in plants given the other two treatments (Fig. 1C ). In the longer experiment, water deficit was. delayed in unwatered plants; a significant decline in R WC occurred after 17 d from when water was first withheld and continued to decline (Fig. 2C) . By the end of the experiment, the RWC of leaves of unwatered plants was 70%, but 94% in plants given the other treatments.
Leafstomatal conductance
Previous studies have shown stomatal closure to occur in response to a decline in soil water status. In addition, in split-root studies, leaf conductance decreases in response to partial root drying, even though leaf water deficit does not develop, which indicates signalling from the drying roots (Bates and Hall, 1981; Gollan et ai, 1986) . In the shorter experiment, a decline in leaf conductance in the half-watered plants was first evident 6 d after water was first withheld (Fig. IB) . This was followed by a significant decline in leaf conductance by 7 d. By 9 d, at the end of the experiment, leaf conductance showed a rise, but partial closure was still apparent. In unwatered plants, partial closure was evident after 4 d, and stomata were closed by 7 d.
In the longer experiment, unwatered plants showed reduced leaf conductance after 11 d and complete closure by 17 d (Fig. 2B) . Partial stomatal closure occurred as well by day 11 in half-watered plants. Although stomata remained partially closed, an increase in conductance on 100 Fig. 2 . Abscisic acid content (A), stomatal conductance (B), and relative water content (RWC) (C) of tomato leaves in response to water-deficit treatments (experiment 2). Roots of plants were divided between two pots, and both halves were watered (A), only one half was watered (D), or both halves were not watered (O). ABA content represents values from leaves from three plants per treatment each assayed in triplicate. Stomatal conductance values were from four leaves from each plant, and R WC measurements were from a total of six leaves per treatment. Vertical bars are ±se.
day 19 was apparent in these plants. This gradual increase in leaf conductance continued for the remainder of the experiment.
Endogenous ABA contents
No significant difference in total ABA content of leaves was found between half-watered plants and well-watered ones throughout the entire course of both experiments (Figs 1A; 2A) . ABA content increased in unwatered plants. This increase was detected in the shorter experiment on day 5 (Fig. 1A) and after day 11 in the longer experiment ( Fig. 2A) . On day 9 of the shorter experiment, there was an 8-fold increase in total leaf ABA content in unwatered plants as compared with plants given the other treatments. In the longer experiment, ABA content increased after 15 and 22 d, with a 3-and 5-fold increase, respectively, in unwatered plants as compared with those given the other treatments.
Xylem sap ABA concentration was measured on the final day of the longer experiment. It was 2.4-fold higher in half-watered plants (0.24 + 0.05 ^M) than in wellwatered plants (0.10 + 0.03 fiM). Therefore, the concentration of ABA moving in the xylem was higher in the half-watered plants than in the well-watered ones at the end of the experiment, although significant differences in leaf ABA content were not observed in the total leaf samples. Since xylem sap ABA concentration was measured only once during the experiment, it was uncertain whether this was the greatest difference attained.
Gene expression characteristics
Many changes in gene expression occur in response to water deficit and elevation of ABA content. The expression of the genes represented by the cDNAs pLE4, pLE16, pLE20, and pLE25 were previously characterized in detached leaves, and it was shown that ABA was required for gene expression induced by water deficit (Cohen and Bray, 1990) . Both Ie4 and Ie25 belong to classes of genes termed late embryogenesis abundant (Cohen et al., 1991) , whereas Iel6 is similar to genes called non-specific lipid transfer proteins (nsLTP) and is expressed preferentially in the epidermis of the shoot (Plant et al., 1991; R Imai, MS Moses and E Bray, unpublished results), and le20 has deduced amino acid homology with histone HI . The mRNA of Iel6 and le20 can be detected in leaves of plants that have not been subjected to a water-deficit treatment (Plant et al., 1991; Kahn et al., 1993;  Table 1 ). In experiment 1, which was of a relatively short duration, only Ie4 expression was determined. In unwatered plants, an increase in expression of Ie4 was first observed on day 5, the same day that a decrease in RWC and an increase in ABA content was detected (Plate 1, lane 6). Similarly in experiment 2, unwatered plants exhibited increases in mRNA accumulation (Plate 2; Table 1 ). Two sets of plants were analysed, and both exhibited a similar pattern of expression; the averaged relative expression for each gene is shown in Table 1 . The first genes to show increased expression were Iel6 and le20, on day 8, before an increase in leaf ABA content (Plate 2, lane 6), followed by Ie4, on day 11, the same day an increase in leaf ABA content was first detected (lane 9). The latest gene to show increased expression was Ie25, on day 15 (lane 12). The amount of Ie4 and Ie25 mRNA increased throughout the drying period. However, that of le20 mRNA was near maximal by day 11 and that of Iel6 mRNA by day 15, both remaining at this level throughout the experiment (Table 1) . On the final sampling date, the expression of Ie4 was the greatest, followed by that of Iel6, le20, and Ie25 (Plate 2). In well- Table 1 
. Relative hybridization of four cDNAs throughout the 22 d of experiment 2 in plants with roots split into two compartments and watered in both halves (well-watered), watered in one half (half-watered), or not watered in either half (unwatered)
The relative hybridization was calculated from developed autoradiographs with the use of a gel documentation system (UVP system 5000) and image analysis software. The greatest hybridization to each cDNA was set at 100. The relative hybridization was an average of values from two independent samples collected at the same time Plate 1. Accumulation of Ie4 mRNA in leaves after roots were subjected to different water-deficit treatments. Roots of plants were divided between two pots, and both halves were watered (w), only one half was watered (h), or both halves were not watered (f). Samples were collected for RNA analysis on day 1 (lanes 1-3), 5 (lanes 4-6), and 9 (lanes 7-9) of the treatments in experiment 1. Twenty micrograms of total RNA was size-fractionated in a 1.2% formaldehyde agarose gel, blotted, and hybridized with 32 P-oligo-labelled cDNA probe synthesized from pLE4 cDNA. watered plants, there was a small increase in the amount of Ie4, Iel6, and le20 mRNA on day 11. The amount of leJ6 and le20 mRNA remained slightly elevated throughout experiment 2 (Plate 2; Table 1 ).
In experiment 1, no mRNA hybridizing to pLE4 was detected in half-watered plants (Plate 1). In experiment 2, the leaves of such plants exhibited transient increases in the expression of Ie4, Iel6, and le20 compared with leaves of well-watered plants (Plate 2). The exception was Ie25; expression was not detected in half-watered plants. Plate 2. Accumulation of Ie4, Iel6, le20, and Ie25 mRNAs in leaves after roots were subjected to water-deficit treatments. Roots of plants were divided between two pots, and both halves were watered (w), only one half was watered (h), or both halves were not watered (f). Samples were collected for RNA analysis on day 1 (lanes 1-3), 8 (lanes 4-6), 11 (lanes 7-9), 15 (lanes 10-12), and 22 (lanes 13-15) of the treatments in experiment 2. Twenty micrograms of total RNA was size-fractionated in a 1.2% formaldehyde agarose gel, blotted, and hybridized with 32 Poligo-labelled cDNA probe synthesized from the cDNAs, pLE4, pLE16, pLE20, and pLE25.
The expression of Ie4, Iel6, and le20 was increased by day 11 in half-watered plants and was comparable to that found in unwatered plants (Plate 2, lanes 8 and 9; Table 1 ). On day 15, the amount of mRNA was similar to that on day 11; however, by day 22 it had decreased for all three of these genes (Plate 2, lane 14).
Discussion
There are great changes in gene expression in response to drought stress. Many of these genes are induced by the application of ABA, and some are known to be induced by increases in endogenous ABA (Bray, 1993) . However, relatively little is known about the regulation of these drought-induced genes in whole plants subjected to water Drought-induced gene expression 1529 deficit. In this study, water deficit was imposed gradually in large pots to determine whether genes known to be induced under rapid stress conditions in detached leaves also respond to a stress that more closely approximates the field situation (Radin, 1993) . The genes investigated were previously shown to require elevated levels of ABA for expression; they are not induced in detached leaves of the ABA-deficient mutant, flacca, in response to water deficit (Cohen and Bray, 1990) . The expression pattern of the four genes studied in plants that had water withheld from both halves of the root can be divided into two groups: the accumulation of Ie4 and Ie25 mRNA follows the accumulation of ABA in the leaf; and the accumulation of Iel6 and le20 mRNA does not, the amount of mRNA increasing earlier than leaf ABA content. There was a steady increase in Ie4 mRNA and ABA content, with both beginning on the same day-day 5 in experiment 1 or day 11 in experiment 2. No simple relation could be detected between mRNA and ABA content in the expression patterns of Iel6 and le20. In unwatered plants, the level of lei 6 and le20 mRNA began to increase 3 d before the increase in ABA content and attained a maximal level when ABA content was one-half and onequarter, respectively, of the final content. Since all four genes require ABA for expression in detached leaves, these two different patterns of expression were not expected. In detached leaves, the first mRNA to be detected was that corresponding to Ie4 (Cohen and Bray, 1990) . The two patterns of gene expression in leaves of whole plants might result from a difference in sensitivity to ABA that can be discerned when water deficit is imposed gradually. These results might also indicate that for Iel6 and le20, there are additional signalling mechanisms that play a role in stress-induced gene expression in whole plants that are not present in detached leaves. One possibility is the movement of a signal from the root to the shoot.
The response of stomata to ABA has been shown to be dependent upon the leaf water status; sensitivity to ABA is increased when the water potential is decreased (Tardieu and Davies, 1992; Tardieu et al., 1993; Correia and Pereira, 1995) . Other data indicate that the expression of ABA-induced genes is not simply controlled by leaf ABA content. In transgenic plants in which the Ie25 promoter is translationally fused to a reporter gene, even though the ABA content is equivalent in ABA-treated and drought-stressed leaves, the expression of the reporter gene driven by the Ie25 promoter is greatly enhanced in drought-stressed leaves (Imai et al., 1995) . Therefore, drought stress supplies an undefined component involved in the regulation of gene expression. The response to ABA with respect to gene expression could be altered by the water status of the leaf if there are additional signals induced by water deficit that work independently from or in concert with ABA, or if ABA compartmentation is altered by water deficit, or both.
There is now substantial evidence for one or more signals moving from the root to the shoot to regulate physiological and developmental responses to soil drying (Blackman and Davies, 1985; Gowing et al., 1990; Gollan et al., 1992) . This study shows that changes in gene expression in the shoot might also be induced by signals originating in the root. Plants with roots divided between two containers were used to evaluate the signalling role of the root in inducing genes that are known to require ABA for induction (Cohen and Bray, 1990) . Two of the four ABA-responsive genes studied were highly induced in shoots when half of the roots were subjected to soil drying. The onset of stomatal closure occurred concurrently with the induced gene expression. Since no increase in total shoot ABA content occurred and R WC did not differ from that in plants in which both halves of the roots were watered, the increase in gene expression might be attributed to a signal or signals arising from the root. Since signalling from the root was sufficient to affect alterations in gene expression, the dynamic relation between the root and shoot controlling whole-plant responses to water deficit is not limited to changes in stomatal conductance.
Although this experiment was not designed to identify a long-distance signal, it is obvious to consider ABA as that signal. Many experiments indicate that ABA is a signal from the root that can control changes in stomatal conductance (Bates and Hall, 1981; Gollan et al, 1986 ). Since ABA is required for expression of Ie4, Iel6, le20, and Ie25 in detached leaves (Cohen and Bray, 1990) , it could also be the signal that is active in intact plants. In addition, the co-ordination between stomatal closure and gene expression points to the possibility that ABA is the signal. At the end of the experiment, the ABA concentration in the xylem sap doubled in the half-watered plants. Since ABA concentration was measured only at the end of the experiment, when gene expression was decreasing in the plants subjected to partial soil drying, xylem ABA concentration could have been greater earlier in the experiment, although no increase in leaf ABA was detected. Zhang and Davies (1990) found decreased ABA concentration in the xylem towards the end of an experiment in which maize plants were not watered. Neales et al. (1989) observed fluctuations in xylem ABA concentration. These results indicate uncertainty about a continuous increase in xylem ABA concentration throughout an entire stress period. As well, sufficient evidence supports the conclusion that additional signals that have not yet been identified could be altering stomatal conductance (Munns and King, 1988; Trejo and Davies, 1991; Munns et al., 1993) and expression of ABA-induced genes (Chandler et al., 1993) . Since ABA is required to induce these genes, a redistribution of ABA within cellular compartments or into different tissues could result from a root signal, thereby altering gene expression. Additional studies focusing on the identification of the signal are therefore needed.
These experiments have prompted a further interest in the mechanisms that control the sensitivity of gene expression to ABA and the whole-plant dynamics of alterations in gene expression. There are many exciting questions yet to be answered, one example being, Is there more than one mechanism for regulating genes that require ABA for expression?
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